Abstract: Production of muons and neutrinos in cosmic ray interactions with the atmosphere has been investigated with Monte Carlo models for hadronic interactions. The resulting conventional muon and neutrino fluxes (from π and K decays) agree well with earlier calculations, whereas our prompt fluxes from charm decays are significantly lower than earlier estimates. Charm production is mainly considered as a well defined perturbative QCD process, but we also investigate a hypothetical nonperturbative intrinsic charm component in the proton. The lower charm rate implies better prospects for detecting very high energy neutrinos from cosmic sources.
prompt muons and neutrinos from charm. Furthermore, estimates of these prompt fluxes [7, [14] [15] [16] [17] [18] [19] [20] [21] vary by a few orders of magnitude due to the different models used to calculate the charm hadron cross section and energy spectra. This huge model dependence is due to the need of extrapolating charm production data obtained at accelerator energies to the orders-of-magnitude higher energies of the relevant cosmic ray collisions. Obviously, this extrapolation can only be trustworthy if starting from proper charm production data and using a sound physical model. The main contribution of our study is in this context. First, we use recent charm production cross section measurements that form a consistent set of data, but disagree with some of the early measurements that were substantially higher. Secondly, we apply state-of-the-art models to simulate charm particle production through perturbative QCD processes in high energy hadron-hadron interactions. In addition, we investigate a possible non-perturbative mechanism using the hypothesis of an intrinsic charm quark component in the nucleon.
In the following we first (section 2) discuss the generalities of cosmic ray interactions in the atmosphere resulting in a set of transport or cascade equations for particle propagation. These equations are then solved by two different methods: a direct Monte Carlo simulation of the cascade interactions (section 3) and a semi-analytic method (section 4) giving consistent results for the conventional and prompt muon and neutrino fluxes. Section 5 gives an account of the Monte Carlo model used to obtain the energy spectra of secondaries in the basic hadron-hadron interaction, in particular concerning charm production in perturbative QCD. In section 6 we investigate consequences of the non-standard hypothesis of a non-perturbative intrinsic charm quark component in the nucleon. We then (section 7) compare our results with previous model calculations and discuss differences in terms of the different charm production models. We conclude (section 8) by some remarks and by putting our results in a general context of various astrophysical sources of high energy neutrinos.
Cosmic ray interactions in the atmosphere

The spectrum of cosmic rays
Fluxes of secondary particles (hadrons and leptons) originate from nucleon-nucleon encounters, even when the nucleons are bound in nuclei, because nuclear binding energies are much lower than the energies of interest in this study (100 GeV -10 9 GeV). So the relevant quantity to consider is the flux of nucleons. Following [1, 9, 17] we have assumed a power law primary nucleon flux φ N (E) nucleons cm 2 s sr GeV/A =      1.7 E −2.7 for E < 5 · 10 6 GeV 174 E −3 for E > 5 · 10 6 GeV.
(
The normalisation constant 1.7 is derived [22] from the directly measured primary spectrum using balloon-borne emulsion chambers in JACEE [23] . To within some 10% this agrees with more indirectly derived spectra based on measured atmospheric muon fluxes [24] , and is also compatible with the data discussed in ref. [25] . The cosmic ray composition is dominated by protons with only a smaller component of neutrons in nuclei [22, 25] . Only primary protons are considered here, since in this study we are interested in quantities that are essentially independent of the cosmic ray composition. At the energies of interest (E > ∼ 100 GeV), the cosmic ray flux can be considered isotropic (the anisotropy being < ∼ 5% [26] ).
The model for the atmosphere
In studying the propagation of particles through the atmosphere, an important quantity is the amount of atmosphere X, in g/cm 2 , traversed by the particle. This so-called slant depth is the integral of the atmospheric density from the top of the atmosphere downward along the trajectory of the incident particle. At distance ℓ from the ground along a direction at an angle θ from the zenith, the slant depth is defined as
where ρ[h(l, θ)] is the atmospheric density at the altitude h(l, θ),
Here R ⊕ is the radius of the Earth and the approximate equality applies for zenith angles not too far from vertical, θ < ∼ 60 • . The atmospheric density is not a simple function of height, even neglecting local atmospheric turbulence. The temperature, which is related to the density through the equation of state, decreases with increasing height until the tropopause (8-17 km), stays almost constant in the lower stratosphere (−56.42 • C up to 20-30 km), then increases until the stratopause (50 km) before decreasing again at the highest altitudes (> 50 km). However, since most particle interactions occur at heights between 10 and 40 km (demonstrated in Fig. 1 below) , we need only a simple model for the density profile of the stratosphere. We therefore adopt an isothermal model,
with scale height h 0 = 6.4 km and X 0 = ρ 0 h 0 = 1300 g/cm 2 , values which adequately describe the density of the stratosphere (< 2% error in the vertical depth between 10 and 30 km and < 16% between 30 and 40 km). Concerning the atmospheric composition, a good approximation, valid up to a height of 100 km, is 78.4% nitrogen, 21.1% oxygen and 0.5% argon (obtained from data in [27] ). This leads to an average atomic number of A = 14.5.
Particle interactions with air nuclei
To obtain the flux of atmospheric muons and neutrinos one needs to consider the particle production mechanisms in strong interaction dynamics. The cosmic ray particles, represented by protons (see section 2.1), interact with nuclei in the atmosphere to produce secondary particles. These proton-nucleus collisions can, for our purposes, be well represented by the simpler proton-nucleon collisions and a rescaling of the cross section
using a power dependence on the number A of nucleons in the target nucleus. For inclusive cross sections, with σ(pN ) of order 10 mb, the interaction occurs with nucleons at the surface resulting in α ≃ 2/3 as verified experimentally. The inelastic pN interaction produces secondary hadrons with a multiplicity increasing essentially logarithmically with the cms energy (s pN = 2m N c 2 E p ). The formation time of a hadron is the normal strong interaction time scale. In the particles rest system this corresponds to a formation length of ∼ 1 fm, which is Lorentz transformed with a γ-factor to the target nucleus rest frame and thus becomes proportional to the energy of the particle [28] . Therefore, fast particles have formation lengths that exceed the size of the nucleus whereas only slow particles are formed and can re-interact within the target nucleus. Therefore, intra-nuclear cascade effects are not important for the energetic particle production studied here.
Of importance for our considerations are the energy distributions of secondary hadrons produced in the collisions
where dn(kA → hY ; E k , E h ) is the number of hadrons h with energies between E h and E h + dE h produced in the collision of the incoming particle k with an air nucleus of atomic number A, and σ kA is the total inelastic cross section for particle k -nucleus A collisions. Experiments studying proton-nucleus [29] and heavy ion [30] collisions obtain energy spectra that are approximately the same as in proton-proton collisions, confirming that the interactions are essentially protonnucleon. So we adopt an energy distribution dn kh /dE h independent of the atomic number of the target. The energy spectra in Eq. (6) can also be expressed as
in terms of the scaled longitudinal momentum or Feynman-x variable x F = p z /p z,max (≈ E h /E k at large energies) where the z-axis is along the incoming particle momentum. If these distributions are independent of the cms energy (i.e. incoming particle energy E k ), then 'Feynman scaling' holds. The validity or breaking of this scaling in different models for particle production is an important issue as will be demonstrated later.
To obtain the energy spectra of the particles produced in proton-nucleon collisions we use the Lund Monte Carlo simulation programs Pythia and Jetset [31] . These have proven very successful in describing the multi-particle final state in various kinds of interactions, including hadron-hadron collisions. An advantage with this Monte Carlo approach is the access to the complete final state as well as a proper account of the decay of unstable particles. Conventional muons and neutrinos are obtained from an inclusive event sample generated with Pythia in a mode simulating minimum bias proton-proton interactions (including diffractive scattering). The particle production results from Lund model [32] hadronization of colour string fields between partons scattered in semi-soft QCD interactions. The prompt muons and neutrinos, on the other hand, are obtained from a dedicated charm production simulation using Pythia. Here, charm particles arise from the hadronization of charm quarks produced in the processes gg → cc and→ cc as calculated with leading order perturbative QCD matrix elements. A more detailed account of the Monte Carlo model is given in section 5. Since non-perturbative charm production is neither well established nor well defined, it is not part of our main Monte Carlo study but investigated separately based on the intrinsic charm hypothesis in section 6.
Particle propagation in the atmosphere
Propagation of high energy particles through the atmosphere may be described by a set of transport or cascade equations. In principle, the transport equations for nucleons, mesons, unstable baryons and leptons are coupled, but under the reasonable assumptions made below they can be greatly simplified.
Nucleons constitute the initial primary flux. We consider nucleon absorption and regeneration in nucleon-air inelastic collisions, but neglect the certainly small contribution to the nucleon flux from the interaction of unstable hadrons with air nuclei. Absorption is described by the interaction thickness λ N of nucleons N in air, i.e. the average amount of atmosphere (in g/cm 2 ) traversed between successive collisions with air nuclei. It is given by
where n A (h) is the number density of air nuclei of atomic number A at height h and σ N A (E) is the inclusive inelastic cross section for collisions of nucleons with nuclei A. Note that to a good approximation λ N (E) does not depend on the height h because the atmospheric composition is approximately independent of the height up to 100 km. Nucleon fluxes develop according to the cascade equation
Here φ N (E, X, θ) is the nucleon flux at slant depth X in the atmosphere at zenith angle θ, λ N (E) has been defined in Eq. (8), and S(N A → N Y ) is the nucleon-nucleon regeneration function in air
Mesons and unstable baryons, in addition to interact with the atmosphere, can also decay. The decay length d(E), i.e. the distance traveled in a mean decay time, is simply
where τ is the particle proper lifetime, γ = E/mc 2 is its Lorentz factor, m its mass, and β its speed in units of the speed of light c. The decay length increases with particle energy because of relativistic time dilation; faster particles can travel longer before decaying. This implies an increased probability to interact before decaying. It is exactly because of this energy-dependent competition between decay and interaction that the muon and neutrino fluxes from charm mesons overcome those from pions and kaons at high enough energy. We assume that mesons and unstable baryons (collectively unstable hadrons) are generated in nucleon-air collisions and regenerated in hadron-air collisions, but neglect generation of unstable hadrons of other types in collisions of hadrons against air nuclei. This approximation is reasonable since the fluxes of unstable hadrons are at least a factor of ∼ 10 smaller than the fluxes of nucleons. Thus for mesons and unstable baryons we have
where λ M (E) is the hadron interaction thickness in air (analogous to Eq. Finally we consider muons, muon-neutrinos and electron-neutrinos. At the energies we are interested in, energy loss, absorption and muon decay can be neglected and the transport equation for lepton ℓ = µ ± , ν µ ,ν µ , ν e ,ν e contains only source terms
where the sum runs over all mesons and unstable baryons decaying into muons and neutrinos
where dn(M → ℓY ; E M , E) is the number of leptons with energy between E and E + dE produced in the decay of hadron M . Muons and neutrinos born out of pions and kaons are traditionally called 'conventional,' while those born out of charmed hadrons are called 'prompt.' This originates from the fact that up to ∼ 10 7 GeV very short-lived charmed particles have negligible probability of being absorbed in the atmosphere before decaying. Up to ∼ 10 7 GeV the prompt flux is therefore essentially independent of the zenith angle. The conventional muon and neutrino fluxes are instead lower in the vertical direction, where the amount of atmosphere traversed in a given meson decay length is larger. The prompt flux is therefore relatively more important in the vertical direction, and we will predominantly consider this direction.
Simulation of cascade interactions
One way of solving the transport equations described in the previous section is to simulate the particle cascade with a Monte Carlo program. Here we describe our simulation algorithm.
A cosmic ray proton is generated. Its energy is drawn from a flat distribution in log E, and a weight is assigned to it in order to reproduce the shape of the primary spectrum.
An interaction height h for the cosmic ray proton is then chosen in the following way. Primary nucleons propagate down through the atmosphere according to Eq. (9) without the regeneration term S(N A → N Y ). From the solution to this equation, φ(h) = φ ∞ exp (−X(h)/λ N ), the probability distribution for the primary interaction height can be obtained. Using a standard Monte Carlo technique, we generate this distribution by replacing φ(h)/φ ∞ with a uniform random number R ∈ ]0, 1[ and then solving for the interaction height h. This can be done analytically for the isothermal atmospheric model in Eq. (4) in the vertical direction, for which we obtain Fig. 1 shows the height distribution so obtained (neglecting the logarithmic energy dependence of λ N ), which confirms that, under the assumptions made, most particle interactions occur at heights between 10 and 40 km. A proton-nucleon interaction is then generated in full detail with Pythia [31] resulting in a complete final state of particles. Secondary particles are followed through the atmosphere where they decay or interact producing cascades. Secondary nucleons give a flux that is rather small compared to the primary flux and could therefore be neglected as a first approximation. To be more precise, we do include the main effect of this correction by taking into account secondary nucleons that have an energy of at least 30% of the primary one. Nucleons with a lower energy give a negligible contribution compared to the primary flux due to its steep energy spectrum Eq. (1). These leading nucleons emerging in the interactions are therefore allowed to generate a secondary interaction at a height
obtained analogously to Eq. (15) but taking into account the finite height H of the primary interaction. The procedure is iterated until the energy of the leading nucleon from an interaction falls below 30% of the primary cosmic ray proton energy. Secondary mesons and unstable baryons are traced through the atmosphere until they either decay or interact. Which of these occurs is decided by comparing simulated decay and interaction lengths
and
where R 1 and R 2 denote uniform random numbers ∈ ]0, 1[ and H is the height at which the traced particle has been produced. The decay length d M (E) and the interaction thickness λ M are given in Eqs. (11) and (8) Particle decays are fully simulated with daughter particle momenta. In case of interactions, the interacting particle is regenerated in the same direction but with degraded energy, chosen according to the appropriate leading particle spectrum. Considering only the most energetic 'leading' particles in secondary interactions is justified because they give the dominant contribution to the lepton fluxes. Moreover, other particles with lower energy are much fewer than the particles of the same type and energy produced in primary interactions.
The particle decay-interaction chain is then repeated until all particles have decayed, have hit the ground or their energy has fallen below the minimum energy of interest, 100 GeV. Energy Fig. 3 .
spectra for muons and neutrinos are finally obtained by counting muons and neutrinos with the initially-assigned primary proton weight. The resulting fluxes of muons and neutrinos from different parent particles are shown in Fig. 2 . For charmed particles the figure clearly demonstrates the dominance of the D ±,0 mesons, while for conventional fluxes the dominant source varies with the type of lepton considered. Summing the various contributions gives the inclusive fluxes in Fig. 3 . As can be seen, the prompt contribution from charmed particles dominates at high energies.
The results for the inclusive prompt and conventional fluxes can be parametrised as (similarly to [7] , cf. with the primary flux and Eq. (38) below)
with an accuracy of typically better than 10% using the fitted parameter values in Table 1 .
Approximate analytic solutions
Approximate analytic expressions for the muon and neutrino fluxes can be found from the cascade equations in sect. 2.4 by interpolation of high-energy and low-energy asymptotic solutions. This is done in the standard treatment for power law primary spectra and scale-invariant interaction cross sections [1, 7, 9] . We wish to generalize the standard treatment to include non-scaling effects.
The cascade equations for nucleons and mesons (and unstable baryons) can, using Eqs. (9,10, 12), be written
where the spectrum-weighted moments for generation Z N M and regeneration Z N N , Z M M in hadronic collisions are generally defined as
It is assumed that the fluxes of nucleons, mesons, unstable baryons, muons and neutrinos can be approximated in the factorized form φ i (E, X, θ) = E −β i φ i (X, θ), with appropriate values of the exponents β i in the low-and high-energy asymptotic regimes. We consider both a primary spectrum φ N (E) ∝ E −γ−1 with a constant spectral index γ, and the primary spectrum with a knee as given in Eq. (1). Since nucleon and meson fluxes develop rapidly in the atmosphere, their ratios are essentially independent on the depth X. To a good approximation one therefore obtains the energy-dependent spectrum-weighted moments
which we will estimate numerically. In previous studies it has been assumed that Feynman scaling holds, such that the distributions in x F = E h /E k of produced particles are energy independent (cf. Eq. (7)). With this additional assumption the Z-moments become simply
We will not make this scaling assumption, but investigate its validity by our calculation of the energy-dependent Z-moments. An approximate solution for the nucleon fluxes is then
where the nucleon attenuation length Λ N is defined as
and φ N (E) is the primary nucleon spectrum. Concerning mesons and unstable baryons, at sufficiently low energies the interaction term can be neglected and so also the regeneration term. One then finds
In the high energy regime it is the decay term that can be neglected, and one finds in a similar way
with the meson attenuation length Λ M defined analogously to Eq. (26) . Notice that at high energies the spectral index of the meson flux is the same as that of the primary flux, φ high M ∝ E −γ−1 , while at low energies the meson spectrum is flatter by one power of energy, φ low M ∝ E −γ , because of the implicit proportionality of the decay length d M to the energy E.
The spectrum-weighted moments for hadron generation in hadron-air collisions can be rewritten as
The numerical evaluation of these Z-moments was made by applying the prefactor in the integrand to the hadron spectra dn kh /dE h generated at different incoming energies E k between 10 2 and 10 9 GeV with the Pythia Monte Carlo (see section 5 for details on the generation mechanism). Total inelastic cross sections σ kA (E) in Eq. (29) were taken from ref. [33] when available. The spectra of regenerated kaons and D mesons, which cannot be used as beam particles in Pythia simulations, were approximated by the leading pion spectrum obtained in pion-proton collisions. Regeneration of Λ c -baryons was mimicked using an ordinary Λ as a beam particle in Pythia and extracting the spectrum of leading Λ's. The resulting muon and neutrino spectra are rather insensitive to these approximations, since they are slowly varying functions of kaon and heavier hadron regeneration Z-moments (they enter only through the combination A M in Eq. (39) below). For the charm Z-moments one has to consider that the charm cross section need not scale with the target atomic number A in the same way as the total inelastic cross section. The ratio of the A 1 -dependence in our charm cross section (see section 5.2) and the inclusive A 2/3 -dependence (see section 2.3) gives a A 1/3 -dependence in the Z-moments for charm, which are included in our results (e.g. Fig. 4 ).
The energy dependence of the hadron generation and regeneration Z-moments is shown in Fig. 4 for a constant spectral index γ = 1.7 (dotted lines) and for a primary spectrum with a knee as in Eq. (1) (solid lines). For comparison, we also show the constant values given by Lipari [9] under the assumptions of energy-independent inelastic cross sections and Feynman scaling of the meson spectra [34, 35] , i.e. with a Z-moment defined by Eq. (24) . It is clear from the figures that variations of the Z-moments with energy are non-negligible, in particular when the changing slope (γ) of the primary spectrum is included. On the other hand, this energy dependence of the Z-moments, and of the interaction lengths λ, is mild with respect to the rapid decrease of the primary flux with increasing energy. For example, differentiation of Eq. (25) gives
where the first term comes from the energy dependence of Z and λ and the second term from the primary spectrum. Numerically, the former is only 0.1, much smaller than the latter which is 2.7 or 3.0. This demonstrates that the treatment of non-scaling effects as corrections embodied through energy-dependent Z-moments is justified irrespectively of the derivation leading to Eq. (23).
We can now find approximate asymptotic solutions for the muon and neutrino fluxes. In the asymptotic regimes meson fluxes are well approximated by power laws, φ M (E) ∝ E −β , with β = γ in the low energy case and β = γ + 1 in the high energy case. Hence the source terms in the lepton cascade equation (Eq. 13)) can be rewritten as
with decay spectrum-weighted moments defined by 4
Integrating the lepton cascade equations over the line of sight, one then obtains the following expressions for the lepton fluxes deep in the atmosphere (X → ∞):
for leptons coming from low energy mesons and In Table 2 we have collected the critical energies ε M used in this study. For not too large zenith angles θ < ∼ 60 • , Eq. (3) leads to ε M ∝ 1/ cos θ and φ high ℓ depends on the zenith angle. To resume, the lepton fluxes from meson M have the same spectral index of the primary flux, φ low ℓ ∝ E −γ−1 , and are independent of zenith angle at energies smaller than the meson critical energy ε M , while they are steeper by one power of energy and depend on zenith angle at energies above ε M , φ high ℓ ∝ E −γ−2 / cos θ. We see that at the energies of interest to us, pions and kaons are above their critical energy and so generate 'conventional' muons and neutrinos, while charmed mesons are below their critical energy (∼ 10 7 GeV) and give 'prompt' muons and neutrinos.
The energy spectra of muons and neutrinos from decays of ultra-relativistic mesons take a simple scaling form [9] dn(M → ℓY ;
and the decay Z-moments are independent of energy
with x = E/E M . Approximate expressions for the functions F M →ℓ have been obtained for two and three body decay channels in ref. [9] . 5 Since there are many semi-leptonic decay channels for charmed mesons and most of them have more than three particles in the final state, we prefer to generate all decay spectra within the Lund Monte Carlo. In Table 3 we list the values of the decay Z-moments for the spectral indices of interest in this study. Finally we join the low and high energy solutions with the interpolation
with
The fluxes of muons and neutrinos calculated according to Eq. (38) using the previouslyobtained energy-dependent Z-moments are plotted in Fig. 3 as dashed lines. It is satisfying to see that the cascade simulations and the approximate analytic solutions, which are conceptually rather different, give results that are quite close. Detailed comparison of corresponding fluxes shows good agreement both for conventional and prompt muons and neutrinos. The differences are typically less than 20% which is quite sufficient in this context. For the prompt leptons, this is below the uncertainty in our charm calculation (see section 5) and far smaller than the differences between the different models discussed in section 7.
5 The model for particle production A model for particle production is needed to specify the energy spectra of secondaries in cosmic ray collisions with atmospheric nuclei. As discussed in section 2.3, collisions involving nuclei can be reduced to the simpler proton-nucleon collision. This applies in particular when only energetic particles are of interest, as in our case.
The flux of conventional muons and neutrinos results from the decay of relatively long-lived particles, such as π and K mesons. The production of such hadrons, containing only light quarks (u, d, s), is dominated by minimum bias proton-nucleon interactions (without large momentum transfers) and receives a small contribution from diffractive interactions. On the other hand, the prompt muons and neutrinos arise through decays of short-lived particles, i.e. dominantly charmed particles. Charm quarks are, due to their relatively large mass, usually considered to be produced in hard processes which can be described by perturbative QCD (pQCD). In the following, some relevant details of the models implemented in the Pythia and Jetset Monte Carlo programs [31] will be discussed. The hypothetical non-perturbative intrinsic charm mechanism is discussed separately in section 6.
Light particle production
The production of light hadrons is dominantly through minimum bias hadron-hadron collisions. The strong interaction mechanism is here of a soft non-perturbative nature that cannot be calculated based on proper theory, but must be modelled. In the successful Lund model [32] hadron production arise through the fragmentation of colour string fields between partons scattered in semi-soft QCD interactions [31] . The essentially one-dimensional colour field arising between separated colour charges is described by a one-dimensional flux tube whose dynamics is taken as that of a massless relativistic string. Quark-antiquark pairs are produced from the energy in the field through a quantum mechanical tunneling process. The string is thereby broken into smaller pieces with these new colour charges as endpoints and, as the process is iterated, primary hadrons are formed. These obtain limited momenta transverse to the string (given by a Gaussian of a few hundred MeV width) but their longitudinal momentum may be large as it is given by a probability function in the fraction of the available energy-momentum in the string system taken by the hadron. The iterative and stochastic nature of the process is the basis for the implementation of the model in the Jetset program [31] .
A non-negligible contribution to the inclusive cross section is given by diffractive interactions. These are also modeled in Pythia [31] using cross sections from a well functioning Regge-based approach and simulating the diffractively produced final state using an adaptation of the Lund string model. These diffractive events are included in our simulations and contribute rather less than 10% to the final results.
Perturbative production of charm
Charm production is strongly suppressed in hadronisation models that are commonly used in detailed comparisons with experimental data on multihadron production in various high energy collisions. The tunneling mechanism in the Lund model [32] gives a production probability of different quark flavours as uū : dd : ss : cc ≃ 1 : 1 : 0.3 : 10 −11 , i.e. charm production in the hadronization phase can here be safely neglected.
Charm quarks are instead considered to be produced in perturbative QCD processes in accordance with the relatively large charm quark mass. To leading order (LO) in the coupling constant, i.e. O(α 2 s ), these are the gluon-gluon fusion process gg → cc and the quark-antiquark annihilation process→ cc as shown in Fig. 5abc . The charm production cross section is calculated using the usual convolution of parton densities f i in the colliding hadrons and the hard parton level cross sectionσ from pQCD, i.e.
Here, x i are the parton longitudinal momentum fractions in the hadrons andt is the Mandelstam momentum transfer at the parton level. Q 2 is the factorization scale defining at what momentum transfer the parton densities are probed and also regulating the amount of pQCD scaling violations; we have used Q 2 = (m 2 ⊥c + m 2 ⊥c )/2, where m 2 ⊥ = m 2 + p 2 ⊥ . The charm quark mass introduces a threshold in the invariant mass of the parton level subsystem, i.e. s = x 1 x 2 s > 4m 2 c c 4 . The dominating contribution to the cross section comes from the region close to this threshold, since dσ/dŝ is a steeply falling distribution. It is therefore important to use QCD matrix elements with the charm quark mass explicitly included. The numerical value used is m c = 1.35 GeV /c 2 together with Λ QCD = 0.25 GeV (in accordance with using the M RS G parton density parametrisation [36] ).
Next-to-leading order (NLO), i.e. O(α 3 s ), cross sections for heavy flavour production in hadron collisions have been calculated in pQCD [37, 38] . Compared to the leading order results there is an overall increase of the cross section of about a factor of two. This does not demonstrate a bad convergence of the perturbative series, since the main NLO contribution is associated with a process that does not appear in leading order charm production. This is the gluon scattering process gg → gg, which has a much larger cross section than the leading order charm processes and is of a comparable magnitude when including the NLO correction g → cc shown in Fig. 5d . Since the NLO distributions of the charm quark transverse momentum and rapidity to a reasonable approximation have the same shape as the LO ones, we take the NLO results into account by rescaling the cross section with an overall factor K = 2. Still higher order corrections have not been calculated, but their effect should be significantly smaller since 
leading order processes (a,b,c) and an important next-to-leading order process (d).
there should be no such additional process entering like for NLO. The factor K = 2 is indeed consistent when comparing the leading order cross sections with experimental results [39] .
Another estimate of higher order corrections can be obtained from charm production in the simulated parton cascades implemented in Pythia. These represent a leading logarithm approximation of multiple parton emission from the incoming and scattered partons in basic QCD 2 → 2 processes. Charm quark production arises here through the perturbative QCD gluon splitting process g → cc, i.e. basically the same as in the NLO matrix element calculation. This approximate charm production to arbitrary order in pQCD gives a contribution of the same magnitude as the LO matrix elements, thus confirming the use of a renormalisation factor of K = 2. Furthermore, the energy spectra of the charm quarks from this higher order treatment are very similar to those from the LO calculation. If anything, they rather tend to be slightly softer than the LO distribution [6] . Since it is the hardest part of the spectrum that gives the largest contribution to the high energy neutrino and muon spectra, one may conclude that taking the higher order corrections into account through a global K-factor renormalisation and keeping the leading-order shape of the charm quark energy spectra, as we have done, is sufficient for the precision needed in this study.
The charm production cross section depends on the input for the parton density functions f i (x i , Q 2 ) in Eq. (40) . With charm production being dominantly close to thresholdŝ = x 1 x 2 s > 4m 2 c c 4 , the typical initial momentum fractions x i will decrease with increasing collision energy s. This is demonstrated in Fig. 6 , which shows the distribution of initial parton momentum fractions in charm production at different energies. At the highest energies, the parton densities are probed down to x ∼ 10 −5 or even below. The recent data from the ep collider HERA [40, 41] show a significant increase at small x, xf (x) ∼ x −a and constrain the parton densities down to x ∼ 10 −4 . These data, together with other data from previous deep inelastic scattering experiment as well as other processes, have been used in the parametrization M RS G [36] of parton densities. The resulting small-x behaviour is given by the power a = 0.07 for sea quarks and a = 0.30 for gluons. Since M RS G is the most recent parametrisation, using essentially all relevant experimental data, we use this as our standard choice. To investigate [6] the dependence on the choice of parton density parametrisations, we also applied the M RS D 0 [42] with the small-x behavior x f (x) ∼ const, which before the HERA data was an acceptable parametrisation. The effect on the total charm production cross section from the choice of parton density parametrisation is illustrated in Fig. 7 with curves resulting from these parametrisations. At high energy there is a large dependence on the choice of parton density functions. The difference between the G and the D 0 parametrisations should however not be taken as a theoretical uncertainty. First of all the D 0 parametrisation is known to be significantly below the small-x HERA data and gives therefore a significant underestimate at large energies. Secondly, the naive extrapolation of the G parametrisation below the measured region x > ∼ 10 −4 at rather small Q 2 (∼ m 2 c ) leads to an overestimate. A flatter dependence like x −ǫ with ǫ ≃ 0.08 as x → 0 can be motivated ( [43] and references therein) based on a connection to the high energy behaviour of cross sections in the Regge framework. The implementation of this approach in Pythia makes a smooth transition to this dependence such that the parton densities are substantially lowered for x < ∼ 10 −4 leading to a substantial reduction of the charm cross section at large energies, as given by the solid curve in Fig. 7 .
Using this procedure we get a quite decent agreement between experimental charm production data and the Pythia simulation results over a wide range of energies (Fig. 7) . A few comments on the data in Fig. 7 are here in order. A given experiment is only sensitive to some channels and a limited kinematical region. The total charm cross section is therefore obtained by a rescaling with charm decay branching ratios and by using assumed shapes of the x F distributions to extrapolate to unmeasured regions. In particular, corrections to points 1,2,6 and 7 are small while they are large for point 9 and 13. The bands 8,10,11 and 12 illustrates the uncertainty in these experiments due to this extrapolation. In band 8 the uncertainty includes a scaling for including D ± -mesons (taken from [49, 51] ). Data-band 11 is based on D +D identification, 12 on Λ + cD and 10 on Λ + c identification. Furthermore, points 3, 4 and 5 are from beam dump experiments on heavy nuclear targets without direct charm identification and have an additional uncertainty from the scaling with nuclear number. In point 4 the scaling A 0.75 has been assumed, which we have rescaled in 4' to a A 1 -dependence in order to be consistent with the other beam dump experiments and with our model. Data points 2 and 6 come from [15] , V from [17] and Z1 from [20] which is 10% of the total pp cross section σ tot .
The curves IC1 and IC2 are based on the intrinsic charm hypothesis (section 6). Detailed discussions are in sections 5.2 and 7.
pp interactions with explicit charm particle identification. Although these issues leave some uncertainty for each individual result, the combination of all data should give a trustworthy knowledge on the charm cross section and its energy dependence.
As indicated, there is an uncertainty related to the dependence of the charm production cross section on the nuclear mass A. Since the discussed pQCD charm production involves hard scattering processes with a small cross section, one may argue that it does not only take place with nucleons at the nuclear surface but also with nucleons in the interior. Consequently, the power α c in σ(pA → cc) = A αc σ(pN → cc) may be larger than 2/3 and rather be 1, corresponding to interactions in the whole nucleus. In fact, experiments give values of α c that are mainly close to 1 (see e.g. [63] and references therein), which is the value we have adopted in our calculations. This is also in agreement with a number of recent experiments with both pion and proton beams [51, 58, 59] . Using α c = 2/3 instead would lead to a reduction of the normalisation for the prompt muon and neutrino fluxes by the factor A 2/3 /A = 14.5 −1/3 ≈ 0.4. This is at most an upper bound for the uncertainty of the A-dependence.
Semileptonic decays of charmed hadrons
The branching ratios for semileptonic charm decays used are BR(D ± → e/µ) = 17%, BR(D 0 → e/µ) = 8%, BR(D ± s → e/µ) = 8%, BR(Λ + c → e/µ) = 4.5%. These values agree with experimental measurements as compiled by the 'Particle Data Group' [33] . To distribute momenta in the charm hadron decay H → ℓν ℓ h, the Monte Carlo [31] uses the weak V − A matrix element
in terms of the involved four-vectors and neglecting decay product masses. H is the charm hadron and h is the final hadron in a three-body decay and generalized to represent the final state hadron system in case of more final hadrons. The multiplicity and momenta within the h-system is phenomenologically modelled [31] and tested against data. These details, however, concern the final hadrons and are not important for our purposes, because we only use the final leptons, which should be well accounted for through the weak decay matrix element (41) and the known branching ratios.
Possible non-perturbative origin of charm
Although most of the charm production data from accelerator experiments can be reasonably well understood from pQCD calculations, the uncertainty in the data and the calculations cannot exclude some smaller non-perturbative contribution. Charm production in pQCD is theoretically well defined and only has some limited numerical uncertainty due to parameter values and NLO corrections which, however, can be examined and controlled as discussed above. In contrast, non-perturbative charm production is not theoretically well defined due to the general problems of non-perturbative QCD. In particular, the absolute normalisation has to be taken from comparison with data. Models for non-perturbative charm production exist and some have been used in the context of atmospheric muon and neutrino fluxes, as discussed in section 7. Here, we will investigate the consequences of the hypothesis of intrinsic charm quarks in the nucleon wave function [60] . Although being far from established, this idea has theoretical motivation [60, 61] and some experimental data can be interpreted as giving evidence [62] [63] [64] [65] [66] [67] . It is therefore a serious model for a possible additional mechanism for charm production with a non-perturbative origin. The results presented in this section are based on a more general study [68] of intrinsic charm in high energy collisions, to which we refer for more details of our implementation in an explicit model. The hypothesis of intrinsic charm (IC) amounts to assuming the existence of a cc-pair as a non-perturbative component in the bound state nucleon [60] . This means that the Fock-state decomposition of, e.g., the proton wave function, |p = A|uud + B|uudcc + ..., contains a small, but finite, probability B 2 for such an intrinsic quark-antiquark pair. This should be viewed as a quantum fluctuation of the proton state. The normalization of the heavy quark Fock component is the key unknown, although it should decrease as 1/m 2 Q . Originally, a 1% probability for charm was assumed, but later investigations, e.g. [64, 65] , indicate a smaller but non-vanishing level.
Viewed in an infinite momentum frame, all non-perturbative and thereby long-lived components must move with essentially the same velocity in order that the proton can 'stay together' for an appreciable time. The larger mass of the charmed quarks then implies that they take a larger fraction of the proton momentum. This can be quantified by applying old-fashioned perturbation theory to obtain the momentum distribution [60] (42) in terms of the fractional momenta x i of the five partons i in the uudcc state. Neglecting the transverse masses of the light quarks in comparison to the charm quark mass results in the momentum distribution
which favour large charm quark momenta as anticipated. In fact, one obtains x c = 2/7 by integrating out the light quark degrees of freedom x i .
A proton with such an intrinsic cc quantum fluctuation can then interact with another hadron such that charmed particles are realised. A hard interaction with such a charm quark is certainly possible, but the cross section is then suppressed both by the small probability of the fluctuation itself and by the smallness of the perturbative QCD interaction. The charm quarks may, however, also be put on shell through non-perturbative interactions that are not strongly suppressed [61] . This may lead to a rate that is large enough to be of potential interest. To estimate these non-perturbative interactions we have constructed a model [68] based on refs. [60, 62, 63] .
The formation of charm hadrons can occur through the following mechanisms. The charm (anti)quark can hadronise into a D-meson as described by a normal hadronisation function, similar to those successfully used in e + e − → cc. Alternatively, the (anti)charm quark can coalesce with another quark or diquark from the |uudcc state to form a hadron. Following [62, 63] we use the recombination probabilities 50% to form a D-meson and 30% for a Λ c , in which cases the remaining c orc quark is assumed to hadronise separately from the proton remnant. The probability to directly form a J/ψ (i.e. the cc pair is combined) is taken to be 1%. The momentum of the hadron formed through coalescence is taken as the sum of the corresponding x i 's, e.g.
The momentum distribution is then obtained by folding Eq. (43) with the proper δ function, e.g. δ(x Λc − x c − x u − x d ), and integrating out all extra degrees of freedom. The c orc quarks that does not coalesce with spectator partons are hadronised to D-mesons with a normal hadronisation function. Since such a function is quite hard, we here approximate it with a δ-function to let the charm hadron take the whole charm quark momentum given by Eq. (43), which is consistent with low-p t charmed hadroproduction data [67] .
The shapes of the x F -distributions for the charmed particles are thereby given (see [68] ). They are quite hard, in fact harder than those for charm from pQCD, and therefore have the potential to contribute effectively at high energies. As mentioned, the main uncertainty in the intrinsic charm model is the absolute normalization of the cross section and its energy dependence. The magnitude of the cross section has been estimated [63] from data at relatively low energies (E p = 200−400 GeV ). Since the process is basically a soft non-perturbative process it may be reasonable to assume that its energy dependence is the same as that for normal inelastic scattering [61, 68] . We therefore take as our first case
with normalisation from [63] and shown as curve IC1 in Fig. 7 . Alternatively, one might argue that there is a stronger energy dependence related to some threshold behavior for putting the charm quarks on their mass shell. We make a very crude model for this by taking the intrinsic charm cross section to be a constant fraction of the pQCD charm cross section
as shown by curve IC2 in Fig. 7 . This is similar to the low energy (200 − 800 GeV ) treatement in [62] . The normalisation is here fixed to be the same as IC1 at the low energy where evidence is claimed for intrinsic charm [63] . There is, however, some indication against such an increased cross section, as in IC2, since no evidence for J/ψ from intrinsic charm was found in an experiment [69] at a somewhat higher energy (800 GeV proton beam).
The dependence on nuclear mass number should (in both cases) essentially be A 2/3 reflecting the soft nature of the hadron-hadron interaction. Note, that the intrinsic charm quarks can be released through interactions with the other parts of the |uudcc state, as demonstrated clearly in case of J/ψ production after the remaining proton state has been 'stripped off' in the interaction [61] .
The intrinsic charm model provides simple and scaling x F -spectra for the charmed particles which makes the analytic method suitable for calculating the fluxes of muons and neutrinos from their decays. The charm production Z-moments are calculated according to Eq. (29) by numerical integration and shown in Fig. 8 . The mild energy dependence of the IC1 case gives essentially constant Z-moments, except for a marked step due to the change of the slope γ in the primary spectrum. The step is more pronounced here compared to charm from pQCD (see Fig. 4) where the x F -distribution is both energy-dependent and extending to smaller values. The stronger energy dependence in IC2 is reflected in the corresponding Z-moments, where the strong variation at energies below ∼ 10 5 GeV may cast some doubt on the reliability of the analytic method in this region.
The lepton fluxes are then obtained by using Eq. (38) and the regeneration and decay Zmoments calculated in section 4. The results are displayed in Fig. 9 and compared to those from our pQCD calculation. The milder, and more conservative, energy dependence (IC1) of the intrinsic charm cross section gives a result which is only a small (∼ 10%) correction to the pQCD result, except at super-high energies where the rate is extremely small and not measurable in a foreseeable future. Note that the J/ψ contribution is here becoming important, since the J/ψ flux is not attenuated through interactions due to the high critical energy (Table 2 ). This raises the question of how well the normalisation of the otherwise small J/ψ contribution is known. With the strong energy dependence assumed in IC2, the intrinsic charm result exceeds the pQCD one already at lepton energies around 10 4 GeV . Although the energy dependence of this IC2-model is, as mentioned, rather ad hoc and may be disfavoured by data, it illustrates the large theoretical uncertainty associated with the intrinsic charm model when extrapolated to the high energies of cosmic ray interactions. fig. 3 
Comparison with previous model calculations
In sections 3 and 4 we have obtained atmospheric muon and neutrino fluxes with two different methods: via a Monte Carlo simulation of the hadronic cascade and via approximate analytical expressions with energy-dependent Z-moments. We were satisfied that the two methods gave consistent results. Here we want to compare our results with those obtained with different models for particle interactions in the atmosphere. In particular, we focus on the prompt muon and neutrino fluxes arising from different charm production mechanisms.
Earlier calculations of the conventional muon and neutrino fluxes [1, 7, 8, 9] agree well with our results as shown in Fig. 10 . The conventional muon flux from Gaisser [1] is shown as a dashed line in Fig. 10a as far in energy as it is applicable. Also shown as dashed lines in Fig. 10bc are the conventional neutrino fluxes from Volkova [7] . In contrast to these models, ours does not obey Feynman scaling. The scaling violations are apparent in Fig. 11a and from the deviation from a constant value of the production Z-moments (Fig. 4) . Nevertheless, they are small enough that when folding everything together (initial spectrum, cascade interactions and decays) the resulting conventional muon and neutrino fluxes agree well with those models. We have thus confirmed previous results by an independent calculation based on a new approach using Monte Carlo simulations to more fully take into account the atmospheric cascade interactions producing secondary particles decaying into muons and neutrinos.
Concerning previous estimates of the flux of prompt muons and neutrinos, there are variations between different model calculations of up to a few orders of magnitude, as illustrated in Fig. 10 . One should note that prompt fluxes are direction independent up to the charm particle critical energy ∼ 10 7 GeV (Table 2 ) and therefore directly comparable independently of whether the horizontal or vertical direction has been considered in these estimates. Furthermore, due to the charmed particle decay kinematics and the same branching ratios for the semi-leptonic decays into electrons and muons, the prompt muon and neutrino fluxes are essentially the same (cf. the decay Z-factors in Table 3 ). Therefore, the curves for prompt muons in Fig. 10a are also taken to represent the prompt neutrinos in Fig. 10bc (except for our own curves, which are calculated separately). The comparison in Fig. 10 shows that previous results are in general substantially larger than our results based on pQCD. Even the highest flux from our extreme version IC2 of the intrinsic charm hypothesis (Fig. 9) is lower than most previous calculations. These large differences are due to different models for charm production, both regarding the magnitude and the energy dependence of the cross section and the distribution in longitudinal momentum fraction x F of the charmed particles.
The curves labeled V in Fig. 10 are from the calculation by Volkova et al. [17] , applying the so-called 'quark-gluon string model' (QGSM) [70] (not to be confused with the Lund string model [32] ). It uses a parametrised energy dependence of the charm cross section, curve labeled V in Fig. 7 , normalized to early experimental data which are substantially above more recent measurements. The charm particle energy spectrum is assumed to obey Feynman scaling and has the form
with α D = 5 and α Λc = 0.4 for D-mesons and Λ c -baryons, respectively.
The curves marked Z1 in Fig. 10 are from Zas et al. [20] and illustrates an extreme model where the charm cross section is simply taken as 10% of the total inelastic cross section (cf. Fig. 7 ). This is substantially higher than all charm data as shown in Fig. 7 . This model uses the scaling x F -distribution of Eq. (46) with α D = 3 and α Λc = 1. Castagnoli et al. [15] obtained the result marked C in Fig. 10 using a parametrised energy dependent charm cross section shown by curve C in Fig. 7 based on some early data (band marked 11) that are higher than later measurements. Again, the differential spectra are of the form Eq. (46) using α D = 5 and α Λc = 0.4. The curves marked Z2, from Zas et al. [20] , correspond to charm quark production calculated with leading order pQCD matrix elements using relatively hard parton distributions. This spectrum would be softened by taking hadronisation into account and thereby become even closer to our result, as expected since they are based on the same pQCD processes.
The first important difference between our model and previous ones lies in the magnitude and energy dependence of the charm production cross section. As demonstrated in Fig. 7 our model reproduces available data on charm production cross sections, but the other models do not. In some cases one may have been mislead in the construction of the models by the early charm measurements that turned out to be substantially higher than the measurements done later.
Another important reason for our lower flux is the strong breaking of Feynman scaling as demonstrated in Fig. 11b . The x F distributions for D-mesons produced at three different energies in our model are here compared with the energy-independent distribution in Eq. (46) with α D = 5. The Feynman scale breaking in our model arises in the perturbative charm quark production, but is also influenced by the hadronization model. As discussed in section 5.2, charm quark production is dominant close to threshold,ŝ = x 1 x 2 s > 4m 2 c c 4 . This effect does not disappear with increasing energy, but is rather enhanced with parton densities that increase at small x. This leads to a scale breaking with the charm quark x F distribution in the symmetric nucleon-nucleon cms becoming softer around x F = 0 with increasing cms energy. In the Lund hadronization model, the charm quark is connected by a colour string to a spectator parton. In the hadronization of this string, the produced charm hadron may obtain a larger longitudinal momentum than the charm quark, due to the momentum contribution from the parton with which it is joined. The string may even have so small invariant mass that it directly produces a charmed hadron, i.e. the charm quark effectively coalesces with a spectator parton into a charmed hadron. This latter process naturally happens particularly at small overall cms energies. Since these forward-'pulling' hadronization effects become less important with increasing collision energy, they also contribute to the Feynman scale breaking.
The effect on the prompt muon flux from this Feynman scale breaking is shown in Fig. 12 . Our normal result is here compared with the results from a modification of our model, where in each event the charmed particles D and Λ c are redistributed according to the scaling distribution in Eq. (46) with α D = 5 and α Λc = 0.4. Clearly, the Feynman scale breaking softens the spectrum considerably. (In comparing these curves one should note that there is no conserved integral of the E 3 -weighted flux.) To examine the effect of the energy dependence of the overall charm cross section, we have, in addition to using this scaling x F -distribution, renormalized our simulated charm events to mimic the cross section in the model by Volkova et al. [17] mentioned above and shown by curve V in Fig. 7 . Since this cross section is larger than in our model at energies below ∼ 10 6 GeV and smaller above, this change flattens the muon spectrum in Fig. 12 . With these two changes in the spirit of ref. [17] , we obtain the same shape of the prompt muon flux as in [17] but with a lower overall normalization. The resulting spectra are, however, in reasonable agreement with the calculation of Castagnoli et al. [15] using a similar approach as ref. [17] . A more recent calculation based on the QGSM by Gonzalez-Garcia et al. [21] gives fluxes that are comparable to the fluxes predicted by Castagnoli et al. [15] .
The calculation by Bugaev et al. [18] resulted in overall prompt fluxes slightly lower than in ref. [17] . They considered Feynman scaling violations in charm production through a phenomenological equation and obtained higher fluxes in the non-scaling case than in the scaling case, i.e. opposite to the effect we find and have just described. However, their way of introducing the energy dependence in the x F distribution does not preserve the overall normalization, i.e. the integral of the x F -distribution. This means that, in comparison with our model, there is not the same clear separation between the overall charm cross section normalization and the charm particle x F distribution.
Since most of the earlier calculations are based on non-perturbative charm production mechanisms a comparison with our intrinsic charm model in section 6 is of interest, i.e. comparing Figs. 9 and 10. Intrinsic charm should be considered as a process in addition to the standard pQCD one, but the sum of their resulting fluxes is still lower than, e.g., Volkova et al. [17] . To get a similarly high flux the rate of intrinsic charm must be increased substantially, about a factor 1000 for IC1 and 10 for IC2. Such rates are incompatible with the experimental limits on intrinsic charm and with measured inclusive charm cross sections (Fig. 7 ) and x F -distributions.
This discussion has demonstrated significant effects on the high energy prompt muons and neutrinos depending on the assumptions made in the charm production model employed. The Figure 12 : The prompt muon flux in our model (solid line) and after re-distributing the generated charm particles to obey Feynman scaling using Eq. (46) (dashed line) and then also renormalizing the cross section to that of curve V in Fig. 7 from [17] (dotted curve). models in ref. [15, 17] give cross sections above more recent charm production data (Fig. 7) and apply simple Feynman scaling x F -distributions. The model used by us, on the other hand, gives a fair description of measured charm production cross sections (Fig. 7) and applies well-motivated charm particle momentum distributions with significant Feynman scaling violations.
Conclusions and outlook
We have studied the production of neutrinos and muons in the atmosphere by collisions of cosmic rays with air nuclei, paying special attention to muons and neutrinos coming from decays of charmed particles (prompt fluxes). Two methods have been used to calculate the fluxes: a Monte Carlo simulation of the hadronic cascade in the atmosphere and an interpolation of asymptotic solutions to the transport equations. In both methods the Pythia Monte Carlo program has been used to simulate the primary collision and following cascade interactions. Results for the two methods are consistent. They agree with previous calculations of the conventional fluxes from decays of pions and kaons, but give substantially lower prompt components. This is due to different models for charm production, both regarding the energy dependence of the cross section and the longitudinal momentum distribution of the charmed particles. Whereas previous models give charm production cross sections above collected recent data and apply Feynman scaling for the longitudinal momentum distributions, our model gives a fair description of measured charm production cross sections and applies well-motivated charm particle momentum distributions with significant Feynman scaling violations. There is still some uncertainty (as discussed in section 5.2) when extrapolating this charm cross section calculation to the very high energies (10 9 GeV) needed for this study. Here, one cannot at present exclude a non-negligible contribution from some unconventional non-perturbative production mechanism. We investigate one such mechanism, namely that of intrinsic charm which has some theoretical motivation and some indications from data. This mechanism is likely to give a very small contribution to the total charm cross section, but the poorly known normalisation and energy dependence prevents a reliable prediction. Although disfavoured, a contribution ∼ 10% of the pQCD charm cross section is presently not excluded, which through the harder momentum spectrum would lead to a dominant contribution of leptons at very high energies.
We find that prompt muons and muon-neutrinos overcome the conventional fluxes at an energy of 10 6 GeV, which is substantially higher than in some earlier estimates. According to our results, it will therefore be harder to use measurements of the prompt atmospheric fluxes to estimate the total charm production cross section at high energy. The situation is slightly different in the case of the electron-neutrinos, for which prompt fluxes dominate above 10 5 GeV. The electron-neutrino flux is, however, experimentally more difficult to measure and it is therefore a challenge to obtain the data needed to derive the charm production cross section.
On the positive side, the lower atmospheric neutrino fluxes we predict are a less severe background to measurements of neutrinos from astrophysical sources (for a review on these see [71] ). To illustrate this, we show in Fig. 13 the vertical fluxes of conventional and prompt atmospheric muon-neutrinos calculated by us (solid lines) together with expected neutrino fluxes from such sources. Cosmic ray interactions with the interstellar medium produce neutrino fluxes through processes similar to the atmospheric case and we show results derived from [72] in the direction of the galactic center (dashed upper curve) and orthogonal to the galactic plane (dashed lower curve). Two estimates of diffuse neutrino fluxes from active galactic nuclei are also shown (dotted line from ref. [73] and dash-dotted line from ref. [74] ). At high energies ( > ∼ 10 5 GeV), all of these fluxes are in excess of our predicted atmospheric neutrino background. This provides interesting prospects for large scale neutrino telescopes to detect high energy neutrinos from [73] , dash-dotted line [74] ). cosmic sources.
